Introduction
Acid-sensing ion channels (ASICs) are channels activated by external protons and belong to the larger family known as degenerins/epithelial Na + channels (Fyfe et al., 1998) . To date, four genes encoding the channel subunits have been reported: ASIC1, ASIC2, ASIC3 and ASIC4. Among them, ASIC1 and ASIC2 have spliced variants. The ASIC1 gene spliced variants are ASIC1a and ASIC1b, and ASIC2 spliced variants are ASIC2a and ASIC2b (Lingueglia et al., 1997; Waldmann et al., 1997; Chen et al., 1998; Bassler et al., 2001) . No spliced variants of ASIC3 or ASIC4 have been detected.
Previous studies revealed that ASICs are involved in a wide range of neuronal functions such as synaptic plasticity (Wemmie et al. 2003) , mechanosensation (Price et al. 2000; , nociception linked to local tissue acidosis, sour-taste reception (Ugawa et al. 1998) , and the modulation of retinal and cochlear functions (Ettaiche et al. 2004) . It is also known that ASICs respond to an extracellular pH lower than 7.0. Of the four members of the ASIC subfamily, the ASIC2a or ASIC2a/ASIC2b heteromultimer channels require low pH to open the channel (lower than 5), although ASIC2b is inactive when expressed alone (Lingueglia et al., 1997) .
In Caenorhabditis elegans, the functional insufficiency of ASIC2 leads to cell death or neurodegeneration by constitutive opening of the channel (Waldmann et al., 1996; Adams et al., 1998) . A study of ASIC2 null mice showed that ASIC2 was a central component of a mechanosensory complex (Price et al., 2000) . However, a study of ASIC2 gene knockout in the mouse suggested that ASIC2 was not part of a mechanically gated cation channel important for cutaneous mechanosensation, Summary. The airway epithelium is exposed to an acidic environment in certain conditions. The acid-sensing ion channel 2 (ASIC2) belongs to the epithelial amiloridesensitive sodium channel and degenerin (ENaC/DEG) family and is expressed on cilia of the respiratory epithelium. The aim of this study was to detect the expression of ASIC2 in the nasal septum in the embryonic stage of the rat. ASIC2 expression was not observed in the primary cilium but was found in some cilia on embryonic day 17 (E17). After E18, all cilia showed ASIC2 immunoreactivity. RT-PCR analysis revealed that ASIC2b, a subtype of ASIC2, was expressed in the nasal septum while ASIC2a was not. Quantitative Real-time RT-PCR studies indicated that the expression level of ASIC2 mRNA was highest on E21, just before birth. These results imply that ASIC2 plays little part in the development of the nasal septum epithelium. On the other hand, ASIC2, especially ASIC2b, may function for the survival and retention of ciliated cells of the nasal septum against dynamic changes in the pH environment at birth.
To obtain useful specimens, two fixatives were employed: 4% paraformaldehyde dissolved in PBS (4%PFA) for immunohistochemical analysis, and 2% glutaraldehyde plus 4%PFA in PBS for scanning electron microscopy (SEM) analysis. The samples in the fixatives were kept at 4 for 24-36 h.
Antibodies
The ASIC2 antibody corresponded to the 14 C-terminal amino residues (VPLQTALGTLEEIA) common to A SIC2a and ASIC2b (accession nos. U53211 and Y14635) (Kawamata et al., 2006) . To detect the cilia, anti-acetylated tubulin (AT) was purchased from Sigma Aldrich (St. Louis, USA). Appropriate secondary antibodies conjugated to Alexa Fluor 488 or 594 were purchased from Molecular Probes (Invitrogen, Paisley, UK).
Immunofluorescence staining
The specimens fixed with 4% PFA were washed with PBS and put in 0.01M PBS with 10% sucrose for 4 h at 4 , with 15% sucrose for 3 h at 4 , with 20% sucrose for 3 h at 4 , and finally with 25% sucrose overnight at 4 for cryoprotection. The specimens were embedded in Neg-50 compound (Carl Zeiss Co. Jena, Germany). Serial sections, each 12 m thick, were cut with a cryostat (HM 5050E, Microm, Heidelberg, Germany) and placed on MAS-coated slides (MATSUNAMI Glass Ind., Ltd., Osaka). After being cut, the specimens were airdried for 30 min at room temperature (RT) and washed in PBS to remove the compound. After incubation with 5% normal goat serum in PBS, the sections were reacted with the primary antibodies at 4 overnight. The reacted specimens were washed five times with PBS including 0.3% Triton-X 100 (PBST) and incubated with the appropriate secondary antibodies for 2 h at RT. The fluorescent specimens were mounted using 5% 1,4-diazabicyclo[2,2,2]octane (DABCO) and 50% glycerol dissolved in PBS after being washed with PBS. For a negative control, the ASIC2 antibody--reacted with the peptide (10 nM), was used as the primary antibody; the other procedures were the same. The captured images were observed using a confocal laser scanning microscope (LSM510, Carl Zeiss Co.).
hearing, or visceral mechanonociception (Roza et al., 2004) .
Morphological and molecular studies have reported on the distribution of ASIC2 in the whole brain, cerebellum, and trigeminal sensory ganglia (Babinski et al., 2000) , olfactory bulb (Garcia-Anoveros et al., 1997) , the taste bud, and the cochlear hair cells (Ugawa et al., 2006) , suggesting that ASIC2 is mainly present in the nervous and sensory systems. On the other hand, we previously reported that ASIC2 was expressed and distributed in rat ciliated cells (trachea and oviduct) and stereociliated cells (epididymis, Corti organ and ampullary crest) (Kikuchi et al., 2008) .
ASIC2 is known to open under acidic conditions (Lingueglia et al., 1997) . However, the exact function of ASIC2 in the ciliated cells of the respiratory epithelium has not yet been clarified. The control of pH in the airway epithelium is critically important to several functions of the lung, including morphogenesis, airway defense, and mucociliary transport (Edmonds et al., 2002) . Previous studies also showed that subunits of epithelial sodium channels (ENaC) are abundantly expressed in ciliated cells of the conductive airway (Fricke et al., 2003) . The aim of the present study is thus to investigate the ontogeny of ASIC2 --a member of the ENaC gene family --and its expression in the nasal septum by using immunohistochemical and real-time recombinant transport polymerase chain reaction (RT-PCR) analyses.
Materials and Methods
All animal experiments conformed to the regulations of the Sapporo Medical University Animal Care Committee (approval number: 08 -014) and were carried out in accordance with guidelines on animal care from the National Institutes of Health. All efforts were made to minimize the number of animals used and their suffering.
Sprague-Dawley (SD) rats were purchased from the CLEA Japan, Inc. (Tokyo). The day on which a vaginal plug appeared was pregnancy day 0, and embryonic day (E) were defined as being equal to pregnancy day. Embryo s (from E14 to E21) were removed. The maternal and neonatal rats were deeply anesthetized with sodium pentobarbital (50mg/kg body weight). The excised embryos were decapitated and washed in 0.01M phosphate-buffered saline (PBS) (pH 7.4), and the whole heads were placed in suitable fixatives. Neonatal rats at postnatal day 0 (P0) and P14 were fixed with suitable fixatives by cardiac perfusion and the whole noses (upper jaw from the tip of the nose until just rostral to the eyes) were placed in fixatives. controls; NC) revealed no detectable product.
Quantitative real-time PCR
Quantitative real-time PCR was performed using a TaqMan Gene Expression Assay kit (Applied Biosystems, Foster City, CA, USA). The amount of 18S ribosomal R N A ( r R N A ) ( H s 9 9 9 9 9 9 0 1 ) m R N A i n e a c h w a s used to standardize the quantity of mRNA for ASIC2 (Rn00563654_m1). Relative levels of gene expression were estimated by a comparative Ct method. Levels were expressed by the formula: 2-(Ct ASIC2 gene-Ct rRNA), which was described previously (Livak and Schmittgen, 2001 ).
Data analysis
Statistical analyses were performed at the Ct stage. Statistical analysis was undertaken using one-way ANOVA and Bonferroni correction (STATISTICA TM ver. 03J. Stat Soft Japan Inc., Tokyo).
Results

Immunohistochemical observation
Immunoreactivities for acetylated tubulin (AT) were formed in both the primary cilium and cilia in the rat nasal septum epithelium in all embryonic stages from E14. The AT reactivity was first found in the primary cilium from E14 to E16 (Fig. 1 E14) and then observed in both the cilia and primary cilium on E17 (Fig. 1 E17) . From E18, the AT reactions were recognized as a cilial marker (Fig. 1 E18) . On the other hand, no ASIC2 expression was detected in the primary cilium, indicating that no immunohistochemical reactivity for ASIC2 was found until E16. On E17, ASIC2 expression was observed in some cilia. After E18, cilia expressing both ASIC2 reactions and AT reactions were found on all ciliated cells examined (Fig. 1 E17-P14 ). The ASIC2 antibody following pre-absorption with the antigen did not detect ASIC2 reactions in the P14 nasal septum (Fig. 1 PA) .
Scanning electron microscopy (SEM) observation
The primary cilium was observed on the epithelial surface from E14 to E17 (Fig. 2 E14 -E17 ). In contrast, immature cilia were first identified on the epithelium on E15, and microvillous projections appeared on E16. On E17, immature cilia were developed on some cells with the airway primary cilium cells. The primary cilium was
Scanning electron microscopy (SEM) analysis
The nasal septa were dissected out and immersed in the above fixative. After rinsing in PBS, the samples were postfixed in 1% osmium tetroxide for 1.5 h and dehydrated through a graded series of ethanol. After dehydration, the specimens were critical-point dried with CO2, sputter-coated with gold/palladium (E-1030; Hitachi Ltd., Tokyo), and examined in a scanning electron microscope (S-4300; Hitachi Ltd.) operating at 10 kV.
Reverse transcriptase polymerase chain reaction (RT-PCR)
Total RNA was isolated from nasal septa at E14, E15, E16, E17, E18, E19, E20, E21, P0 and P14, using TRIzol ® Reagent (Invitrogen Co., Carlsbad, CA, USA) according to the manufacturer's instructions. The isolated total RNA was used for synthesis of complementary DNA (cDNA) by Superscript III reverse transcriptase primed with Random Hexymer (Invitrogen Co.). To confirm that there was no contamination, RNA --for which reverse transcription was omitted --was also forward transcribed as a negative control. To ascertain whether ASIC2a or ASIC2b was expressed in the nasal septa, cerebral cortex --in which the expression of both ASIC2 subtypes has been demonstrated --was used as a positive control. The synthesized cDNA was used for PCR and quantitative real-time PCR analysis. The PCR reaction was performed with Takara standard Taq polymerase (Takara Co., Tokyo) in 50 l of a reaction mixture that contained 2 l of synthesized cDNA, 5 l of 10X Taq Buffer (TAKARA Co.), 1 l of dNTP mixture (TAKARA Co.), 0.2 M forward and reverse primers, and 0.4 l of Taq (TAKARA Co.). The sequences of the primers were as follows: 5'-TCAACCTACAGATTCCCGACCCG-3' (forward)/5'-CGAGTCCCATCTCTGAGGACCGG-3' ( r e v e r s e ) f o r A S I C 2 a ( W a l d m a n n et a l . , 1 9 9 6 ) ,
' -C T G C C T T C A T G G A C C G T T T G -3 ' ( f o r w a r d ) / ' -C G A G T C C C A T C T C T G A G G A C C G G -3 ' (reverse) for ASIC2b (Lingueglia et al., 1997), and ' -A C C A C A G T C C A T G C C A T C A C -3 ' ( f o r w a r d ) /
5'-TCCACCACCCTGTTGCTGTA-3' (reverse) for GAPDH. PCR was performed for 40 cycles of 30 sec at 94 , 30 sec at 59 , and 45 sec at 72 for ASIC2a, 40 cycles of 30 sec at 94 , 30 s at 58 , and 45 sec at 72 for ASIC2b, and 25 cycles of 30 sec at 94 , 30 sec at 58 , and 45 sec at 72 for GAPDH. The PCR products were loaded in 1.5% agarose gels and visualized via ethidium bromide staining. The gel results obtained were captured onto a computer using an UV irradiation system. The samples without the addition of RNA (negative Fig. 1 . Micrographs showing the immunohistochemical localization of ASIC2 in epithelium in the rat nasal septum. From t h e l e f t p a n e l s , A S I C 2 s h o w s A S I C 2 immunoreactivity in bright green, AT shows acetylated-tubulin in bright red, PC shows phase-contrast images of the same line, and Merge shows their merged images of the same line. From the top panel, the images show the nasal septum on embryonic day 14 (E14), E17-1, E17-2, E20, E21, and postnatal day 0 (P0) and P14, respectively. The bottom panels show the results with the primary antibody against ASIC2 following preabsorption with the antigen in the P14 rat nasal septum (PA). From E14 to E17, primary cilium is observed (arrowheads in E14 and E17-2). On E17, both ASIC2 negative cilia (arrows in E17-1) and positive cilia (small double arrows in E17-2) are present. Bars: 10 m (Fig. 2 E18, E19) . On E20 and E21 cilial maturation progressed and the ciliated cells were easy to distinguish from microvillous cells on the surface of the nasal septum. The surface of the ciliated epithelium resembled the mature newborn ciliated surface (Fig. 2 P1,  P14 ). The length of the cilia increased during fetal life, as reported by Menco and Farbman (1987) , who estimated that the average cilial growth in embryos was about 0.3 m/day. Our SEM findings on the cilial development are in accord with the immunofluorescence observations (Fig. 3) .
RT-PCR
Transcription of GAPDH was detected in all samples except for NC. In RT-PCR performed from the cerebral cortex total RNA, both ASIC2a and ASIC2b were obtained. In nasal septa, ASIC2b mRNA expression was detected from E14; however, ASIC2a mRNA expression Fig. 3. The expression stage and level of the primary cilium, cilia, and ASIC2-positive and -negative cilia. The primary cilium is detected from E14 to E17. After E17, cilia are observed. On E17, the primary cilium and cilia appear mosaic-like, and both ASIC2-positive and -negative cilia are observed. From E18, ASIC2-positive cilia are observed, but ASIC2-negative cilia are not. No primary cilium expressing ASIC2 was observed. +: observed in each stage. was not detected or was under the detectable limit at all times. In NC, neither was detected (Fig. 4 A) .
Quantitative real-time PCR
Significant changes were observed on E18 and E21, when RQ scores were about 1.3-times and 2.5-times respectively increased compared with E14 (Fig. 4 B) . On P14, the ASIC2 mRNA expression level was decreased to the E14 level. The increase in the ASIC2 mRNA level coincided with the detectable stage of ASIC2 antigen in immunofluorescence observations (Fig. 1) . The highest expression was on E21, when it was about 2.5-times higher than on E14. The stage of E21 was just before birth. In CC, there was a massive expression of ASIC2 mRNA compared with the entire nasal septum.
Discussion
The present study has clearly demonstrated that ASIC2b is localized to the cilia of ciliated cells in the rat nasal septum. For the nervous systems, differences in the localization of ASIC subtypes have been reported: all ASIC subtypes were observed in the peripheral nervous system (PNS) while ASIC1a, 2a and 2b were found in the spinal cord and ASIC1a, 2a and 4 in the brain (Price et al., 1996; Chen et al., 1998; Babinski et al., 2000; Peng et al., 2004; Lingueglia, 2007) . We also reported that ASIC2 expression was detected in the ciliated cells of the rat trachea although the subtypes were not clarified in our previous study (Kikuchi et al., 2008) . Thus, the current study was the first to reveal that the subtype of ASIC2 expressed on ciliated cells in the rat nasal septum is ASIC2b, and not ASIC2a. Our immunofluorescence study showed the presence of ASIC2 immunoreactivity in ciliated cells but not in the primary cilium. The immunoreaction was then observed in cilia from E17, at which time both ASIC2-positive and negative cilia were observed. These results indicate that ASIC2 was not expressed in very immature cilia but was expressed in relatively mature cilia.
Correlation between cilial development and ASIC2 expression
The primary cilium was observed until E17. Our immunofluorescence study further showed that ASIC2 reaction was not observed in the primary cilium. Among the many key functions of the primary cilium, the developmental role in the epithelium is especially important in the embryonic stage (Singla and Reiter, 2006) . Thus, the absence of ASCI2 in the primary cilium suggests that ASIC2 have little role in the epithelial development in the nasal septum of the rat embryo. The immunofluorescence findings demonstrated that the expression patterns of ASIC2 were nearly identical with cilial development (AT expression), but not completely. On E17, both ASIC2-positive and -negative cilia were observed, but all cilia expressed ASIC2 from E18 and covered the surface of the nasal septum before birth. These results also imply that ASIC2 played little part in the early development of nasal septum epithelium. The present quantitative real-time PCR findings also suggested that the mRNA expression level of the nasal septum ASIC2 had increased about 2.5-times on E21 compared with E14. After the expression peaked on E21, the ASIC2 mRNA expression level decreased on P0 and P14. Our results also showed that the synthesis of ASIC2 was the highest in the ciliated cells of the rat nasal septum just before birth and that the ASIC2 mRNA expression decreased after birth. The ASIC2 mRNA expression level at P14 showed no significant difference from E14. These results suggested that ASIC2 was synthesized in the embryonic stage. On E21, in particular, mRNA expression showed a transient increase. The early and dynamic expression of ASIC2 in embryonal nasal ciliated cells suggested that AISC2 played a role in maintaining the microenvironment suitable for the maturation of the developing ciliated cells. The environment in the respiratory epithelium becomes acidic as a result of exposure to surrounding air or pathological problems (Ricciardolo et al., 2004) . A gain of sensitivity to low pH is important before the beginning of breathing. Thus, the presence of the ASIC2 in the cilia of the respiratory epithelium may be important to sense low pH, which is also useful for preparations for airway defense and mucociliary transport before the commencement of pulmonary respiration.
Difference in the expression of ASIC2 subtypes
L i n g u e g l i a e t a l . ( 1 9 9 7 ) h a v e d e m o n s t r a t e d t h a t homomeric ASIC2b is inactive. Previous studies using cell lines reported pH-dependent ASIC2 activation. Among cell lines transiently expressing ASIC2a, halfmaximum activation pH is from ~4.4 to 5.0 in COS-7 cells (Lingueglia et al., 1997; Coscoy et al., 1999; Benson et al., 2002) , ~4.5 in CHO-K1 cells (Hesselager et al., 2004) , and ~4.2 in mouse Ltk-cells (Malysz et al., 2008) . If ASIC2b works as a pH-dependent ion channel, it might be coexpressed with ASIC2a or ASIC3 to form a heteromer. However, our RT-PCR data showed no expression of ASIC2a at the mRNA level. This suggested the possibility that ASIC2b was expressed with ASIC3 to form a heteromer in the rat nasal septum. ASIC3 is found in peripheral sensory neurons, but not in the brain (Lingueglia et al., 1997; Waldmann et al., 1997; Lingueglia, 2007) . The ASIC2b/ASIC3 heteromer requires pH values below pH 4 and has lesser selectivity to Na + (Coscoy et al., 1999) . In their review, Waldmann and Lauzdunski (1998) , referred to the difference in localization of ASICs in the central nervous system (CNS) and sensory neurons. The CNS showed the expression of ASIC1, ASIC2a, and ASIC2b while sensory neurons expressed ASIC1, ASIC2b, and ASIC3. The subunits in different organs are apparently coexpressed in the same neurons (Waldmann and Lauzdunski, 1998) .
Mutations of ASIC2 have been found to lead to a constitutively opening channel pore that in turn causes cellular death (Waldmann et al., 1996; Adams et al., 1998) . The mechanism of cell death is inferred to be the constitutive inflow of cations caused by the failure to block the gate of the channel. Although the functions of ASIC2 --especially ASIC2b --remain unclarified, these results raise the possibility that ASIC2 might work for the survival and retention of ciliated cells and the control of Na + homeostasis.
